Background: The development and deployment of new technologies in additive 3-dimensional (3D) printing (ie, rapid prototyping and additive manufacturing) in conjunction with medical imaging techniques allow the creation of anatomic models based on patient data.
Perspective
Three-dimensional printing is moving relatively quickly from the domain of manufacturing to medical disciplines and even into the homes of patients and doctors. This protean technology can interest all surgeons by improving their tools or replicating useful anatomic structures for planning operations. In this report, we detail using various software packages to convert CT images into pulmonary arteries to innovate catheter design. This article provides basic information on how to segment imaging data and also tabulates software and hardware resources for the reader. A downloadable STL file of our work is provided for the reader to view or print.
See Editorial Commentary page 980.
Supplemental material is available online.
Three-dimensional (3D) printing or additive manufacturing refers to any of the various processes for printing a 3D object. 1 Primarily additive processes are used, in which successive layers of material are laid down under computer control.
2,3 These objects can be of almost any shape or geometry, and are produced from a 3D model or other electronic data source. A 3D printer is a type of industrial robot. 1 Additive manufacturing technology requires digitized representation of geometrical data, which comes in stereolithographic (STL) or in additive manufacturing file formats.
This technology enables building accurate patient-specific 3D printed anatomic models that can be used for new surgical instrument development, 4 physical measurements, diagnosis, surgical planning, and presentation to patients. [5] [6] [7] [8] Such models are useful for educational purposes and physiologic simulations in resident physician training because they increase 3D perception and add tactile feedback to the trainee. In addition, these printers can be used for custom implantable prostheses and are useful for test and validation of newly developed surgical instruments without risk to patients. Disadvantages of this technology are its high relative cost, limited availability of medical-grade biomaterials, and the complexity of translating patient anatomic data to the computer for rendering. We explored and documented our experience with what we found as the available tools for this rapidly evolving technology with the aim of describing its possible use in thoracic surgical patient care and research. Because of an active research project on regional lung chemotherapy at our institution, human pulmonary arteries (PAs) were chosen for this rapid prototyping project.
MATERIALS AND METHODS Software and Hardware
Our method of processing computed tomography (CT) scans used 2 commercial software packages: Amira 5.5 (FEI Visualization Sciences Group, Burlington, Mass) and the evaluation version of Vitrea 3D version 6.5.1 (Vital Images, Inc, Toshiba Medical Systems, Minnetonka, Minn). At the time of this project's fulfillment, the combination of these 2 software platforms allowed accurate and efficient PA reconstruction and sufficient preparation of reconstructed models for 3D rapid prototyping. A number of other packages are available (Table 1) and we trialed some of them but we found the above to be the most useful. It should be noted that a variety of radiologic software packages will allow viewing and manipulation of 3D reconstructions, but most do not allow for generation of a file for 3D printing.
The first model was printed on PolyJet Eden 260 V 3D printer (Stratasys, Inc, Eden Prairie, Minn). The printer was chosen because of its fine details, complex geometries, and very thin walls due to ultrafine 16-mm layers printing capability. For rigid materials, the accuracy in each printed plane is between 20 and 85 mm for features smaller than 50 mm; and up to 200 mm for full model size. The net printing area is 255 3 252 3 200 mm. For soft materials, the layer resolution is about 32 mm and up to 200 mm in-plane accuracy. It should be noted that there are now a multitude of 3D printers at a variety of price points (Table 2 ). In general, these printers are much more expensive if they are capable of using a variety of printing resins or other materials. For this application, the ability to print a soft material with high tolerances required a relatively expensive device. The models printed at Incodema3D were produced on the Objet500 Connex printer (Stratasys, Inc). The Connex offers the ability to print with dual materials to provide a wide range of soft, rubber-like models.
Process of Preparation
Ten normal, motion-free (ie, no blurring and streaking) de-identified CT angiograms performed that excluded the diagnosis of pulmonary embolism were supplied by a radiologist at a comprehensive cancer center with no affiliation with this research endeavor. No clinical information about the patients was available to the investigators; however, it was assumed that there probably was little bias selecting the cases from a general pool of patients at a cancer center. Based on institutional policy, biologic or imaging data obtained in this way are exempt from special institutional review board oversight or review. Ten anonymized Digital Imaging and Communications in Medicine (DICOM) formatted files were numbered Ptn_01 to Ptn_10 before data manipulation began.
The process of anatomic model preparation, specifically of the PA, for 3D printing requires a few substantial steps: data acquisition from the patient's CT digital data; 3D visualization and segmentation; surface rendering and creating a 3D polygon mesh; geometrical surface preparation, including simplification, refinement, and geometry fixing; and hollowing of an existing volume to ''thicken'' the walls.
Data acquisition. Three sets of data for each patient were selected for visualization and reconstruction-1 contrast CT set at 0.625 mm (512 3 512) resolution, 1 CT set at 1 mm (512 3 512) and 1 CT set at 2 mm slice thickness on a GE Optima CT 660 (GE Medical Systems, GE Healthcare, Milwaukee, Wis).
3D visualization and segmentation. The commercial software platforms Amira 5.5 and Vitrea 6.5 were used in conjunction for 3D visualization and data processing. In our findings, the most efficient way for the PA segmentation in Amira 5.5 is connecting the threshold segmentation module with a set of tools such as Blow Tool, Magic Wand, and Threshold Tool. Within the algorithm provided by this module, all gray-value voxels with a defined range of Hounsfield units within the region of interest are selected and directly connected to a predefined voxel.
Because of the high variability of curvature and embedding in complex anatomic scenes with other vessels interference, PA segmentation with Amira tools requires a clear understanding of a patient's anatomy, which takes 4 to 8 hours of time for an experienced operator. Vitrea 6.5 was then used for additional refinement of the model, especially its most important key feature: the embedded predefined presets for certain types of data and diagnostic questions. Presets were chosen based on the DICOM tags that describe the data sets. 9 This enabled quick access to the specific anatomic structures such as vessels and automatically segmented, tracked, and labeled them. The model was then exported as STL, also known as a standard tessellation language file. However, at the time of this research, Vitrea 6.5 could not provide surface editing and fixing abilities for the STL files it generated. Therefore, Vitrea 6.5 scaffold models were imported back to Amira 5.5 as STL files.
Surface rendering. Once both the scaffold model and the same DI-COM dataset used to create it were loaded in Amira, the noise reduction nonlocal means filter was applied on the data set. Using the ImageCrop editor tool, the region of interest was selected and processed as the isosurface, a closed surface that separates ''outside'' from ''inside.'' The boundary between ''outside'' and ''inside'' is the isosurface.
Next, the Amira ExtractSurface module was attached to the reconstructed isosurface. For easy recognition and volume editing, we selected a dark blue on the Vitrea model, and on Amira's isosurface we used a yellow color. We found that all 10 reconstructed by Vitrea and imported into Amira environment models did not require an additional transformation, reposition, and alignment in Amira, because Vitrea's model exactly overlaps the PA isosurface reconstructed in Amira ( Figure 1 ).
Amira's VolumeEdit module removes noise and/or undesired objects in a 3D image before applying isosurfaces, volume rendering, or other image segmentation. We used this module for removing undesired objects around the PA such as bones, heart, aortic arch, trachea, and pulmonary veins.
The threshold value for isosurface computation was 80 to 120, depending on the ratio between noises to the level of details for every particular DICOM data set. Because the VolumeEdit module does not display any geometry in the viewer by default, we attached VolumeEdit module via the IsoSurface module to the ExtractSurface module. The ExtractSurface Geometrical surface preparation: Simplification, refinement, and geometry fixing. To reduce the number of triangles and to improve the quality of the surface, Amira provides 2 editors: the Simplifier and the Surface Editor. According to Amira's user's guide the surface simplification is done by means of an edge collapsing algorithm. Edges of the original surface are successively reduced to points. The shape of the original surface is preserved by minimizing a certain error criterion. Special care is taken to prevent the triangles of the simplified surface from intersecting each other. However, in some cases intersections can still occur. Therefore, the resulting surface should be checked for intersections using the Surface Editor with the test modules like intersection, orientation, tetra quality, and nonmanifold test. The default value for the Simplifier, suggested by Amira, is 18,000 triangles. In most of our cases we found that using this number reduced the level of detail and removed parts of significant branches. To preserve parts of such branches in reconstructed models we increased the simplification number from 30,000 to 36,000, which allows simplifying the mesh, preserving the level of detail, and keeping all significant branches of the reconstructed artery intact. All currently available 3D printers accept STL format files and require a manifold 3D surface topology, which is, basically, a surface that completely encloses a volume. Based on its nature the STL file format has 2 significant problems: it can't detect or fix errors (especially nonmanifold topology and unintended holes) in the part to be built, and it lacks the ability to present surface texturing of the printed models. In our case the second issue was not important, because the models didn't require surface texturing. Amira's Surface Editor recognizes nonmanifold topology and provides a simple interface to manually fix nonmanifold geometry. However, if the reconstructed mesh contains more than 2 nonmanifold topologies, the fixing process in Amira can be time-consuming. To automate the fixing process we used the free software package Meshmixer 0.8 (Autodesk Inc, San Rafael, Calif). Meshmixer allows fully automatic nonmanifold topology repair (using the autorepair tool) and once the geometry was free of errors caused by nonmanifold topology, the cutting plane was utilized manually. The cutting plane was placed midway between the main PA bifurcation and its root to facilitate orientation and introduction of catheters after printing. This step is necessary to add a wall to the model during the extrusion process. With the Meshmixer extrusion utility the walls were extruded in a direction normal to each triangle surface. In a PA model normal extrusion can induce intersection mesh errors, which usually appear at the end of the vessel (Figure 3 ). To fix these errors Meshmixer provides an interactive tool for local remeshing and reducing the number of mesh triangles. Incodema3D verified the STL data sets using Magics software, version 18 (Materialise, Plymouth, Mich). The data tools from Magics perform final verification of the data sets and ensures the printed models will be identical to the data sets.
Test printing of PAs. After fixing all errors the reconstructed PA model was sent to the PolyJet Eden 260 V 3D printer Objet500 Connex printer with 1 mm wall thickness. For the 3D printing we used a rubberlike material referred as TangoPlus; the chemical composition is described in the material safety data sheet shown in Table 3 . The material is elastic and semitransparent and behaves as polyurethane. The mechanical properties of the materials are in Table 3 , as well. After printing, the support material was removed using a water jet. A 5 mm tube connected to a power washer was used to remove the material inside the large vessels. The tube connected to the power washer was inadequate for small vessels (<2 mm) or very tortuous regions. To clean such areas, we used various catheters between 4F and 7F, connected directly to a water faucet. Even in these conditions some material was hard to remove, so in a third step, we soaked the samples in sodium hydroxide solution for 24 hours and repeated the cleaning using a small-diameter catheter. In a final step, to remove the small particles of support material, we connected the phantom to a peristaltic pump (Masterflex L/S Cole Parmer, Vernon Hills, Ill) and ran it at high speed for approximately 1 hour, using the same sodium hydroxide solution.
Once produced, the 10 labeled arteries underwent measurement with a standard flexible metric ruler. Also a flexible catheter was placed within the model lumen and used to study optimal orientation of potential balloon catheters and guidewire lumens. The model was flexed as necessary to determine the optimal catheter course and most direct measurements.
Prototype validation. To determine model validity, measured dimensions were compared with those from the Amira program. Amira dimensions were, in turn, compared with the original DICOM images from the CT scan using Food and Drug Administration-approved medical imaging software (OSIRIX; Pixmeo, Inc, Bernex, Switzerland).
RESULTS
The design process required approximately 1 working day (6-10 hours) for each model (CT image to STL; see Online Data Supplement). Segmenting the PA was the most timeconsuming step (4-8 hours) and varied because of CT image issues (eg, quality, resolution, and slice thickness); vascular anatomy complexity (eg, artery and surrounding veins); and most importantly, operator experience (eg, anatomy learning curve). The export of reconstructed artery surface to STL file was straightforward in both Amira and Vitrea and took only a few minutes. However, model simplification and nonmanifold surface error fixing took up to 1 hour within Amira (single error) or Meshmixer (multiple defects).
The time for each printing step were as follows: STL integrity evaluation with manufacturing software: 4 hours; build material and layout preparation: 1 hour; printing build 1 (first 6 models) and build 2 (remainder): 72 hours; and removing of support material, cleaning, and fixing (20 hours). The models consumed 2930 g prototype material and 7200 g support resin.
The first test printed model with 1 mm wall thickness was flaccid like an empty PA and relatively fragile because the Tango material does not have the same tensile strength as collagen. Accordingly, the wall thickness was increased to 1.5 mm and all 10 models were printed successfully without waste. They all had sufficient wall stiffness to just maintain their appearance in a perfused state yet were malleable enough to perform measurements without damage. Table 4 displays anatomic measurements that could be useful for general PA catheter design. Dimensions were similar enough to formulate a catheter design that would be effective for most patients. There were some differences between right and left anatomy. Most notably, a single dominant truncal artery was consistent on the right as opposed to the left upper lobe that had a range of 1 to 4 proximal branches. Also, a greater distance between the upper and lower branches approached significance on the right; however, this probably was a function of the more expansive proximal branch pattern.
Whereas many of the measurements in Table 4 could have been made with software analysis of the 3D files, some measurements (in particular, measurements F and J in Table 4 and Figure 4) were greatly facilitated by bending the model and aligning the physical catheter. These measurements represent distances beyond which a catheter might cause damage (using 5 mm external PA as the cutpoint).
The physical measurements of the model were accurate for clinical purposes. For instance, Amira measurement right A was 24.3 AE 2.7 mm and B was 25.7 AE 2.8 mm compared with the physical measurements in Table 4 . Using a clinically acceptable range of 1 to 2 mm (5%-10%), the 95% confidence levels for these 10 models were contained within this range, demonstrating equivalence. Similarly, the 95% confidence intervals comparing Amira with the original DICOM dimensions were equivalent as well.
DISCUSSION
Our preliminary research shows that it is feasible to create 3D models that might be useful for a variety of surgical needs. Although we used these models for a project to design a catheter for regional lung chemotherapy, the same methodology could be used for a variety of thoracic surgery-related needs ( Figure 5 ). For instance, printing these vessels to create a model for quick reference during a complex video-assisted thoracoscopic surgery lobectomy might be useful. Also, there is a great need to generate lifelike anatomy as part of surgical simulation training. Furthermore, models could be also be useful for patient education in select cases.
In the early 1990s, CT was enhanced by the introduction of helical scanning techniques. This allowed for more precise image segmentation and volume rendering methods that allowed investigators and developers to create polygonal meshes of anatomic structures. These meshes have been employed for virtual reality simulation, surgery preplanning, computer-aided surgery, and 3D printing or, in the words of the manufacturing industry, rapid prototyping. [10] [11] [12] Despite significant advantages of 3D virtual presentation of anatomy, studies show that anatomy students using plastic models outperformed those who used 3D virtual CT-rendered images. [13] [14] [15] CT data present high bone contrast value in comparison with soft tissue. Thus most medical applications have focused on reconstruction and modeling of bone, 16, 17 spinal structures such as the cervical spine, 18 models of brain and skull, 19, 20 custom-made implants, and prostheses in oral and craniomaxillofacial surgery. 21, 22 Rapid prototyping of pediatric cardiac models to plan operations probably has been the most frequent use in our specialty. 6, [23] [24] [25] [26] Unfortunately, the flexible material used for this model is not appropriate for medical implants such as aerodigestive tract stents.
Before we started this project we hypothesized that there may be difficulty finding a durable hardware solution to produce these flexible models. It turned out that software was the greatest barrier. Polygon meshes rendered as 3D surfaces of anatomic organs can be processed manually, semiautomatically, or fully automatically. Manual rendering is timeintensive because the segmentation-assigning pixels of the image to a particular organ-is processed by an operator. Semiautomatic segmentation allows an operator to segment the region of interest with mouse clicks and algorithms so the path that best fits the edge of the image is shown. A fully automated process of PA reconstruction and STL file preparation is still under active development. 7, 9, [27] [28] [29] However, even with the advent of the newly developed efficient vessel reconstruction algorithms, the creation of virtual models is relatively timeconsuming and requires expert knowledge of pulmonary vasculature. In addition, this process requires several important postprocessing steps to adapt these models for 3D printing. 30, 31 Besides the lengthy design time requirements, a limitation of this technology is the cost involved. The whole design process-from the image procurement to complete models printing-cost approximately 10 working days of 1 researcher (S.K.), not counting overhead for software and hardware. The fully loaded printing cost estimate of 1 of these lifesized models is $700 of which 15% is the model resin, 16% is support resin (necessary for soft productions), 31% hourly printer charges, and 38% technician labor costs. Included in this analysis is the assumption that running a $350,000 printer depreciated over 5 years at 40% capacity comes to an hourly overhead charge of $26. Software costs per model can be estimated from Table 1 but was less than $20 for us because we use this software for many other projects. A commercial vendor will charge 2 to 3 times our overall cost depending on the business model. However, there can be much cheaper options if the user is willing to reduce size, precision, or flexibility in the printed resin. A solid printed model can cost around $100, but it will lose the ability for catheter insertion as well as flexibility. One limitation of the data supplied in Table 4 is uncertainty whether it fairly represents a broader population of patients. A larger set of validation models or using case selection to seek a more diverse range of human physical characteristics may be needed.
Going forward, this technology competes with virtual education media for health care professionals, trainees, and patients. Complex anatomy can be visualized easily on a scale model at the operating table (rather than manipulating a nonsterile pointing device on a computer). The PAs we printed could be used in a relatively low-cost, lifelike video-assisted thoracoscopic surgery lobectomy trainer. Patients would enjoy a printed memento for education or better long-term documentation of their pathology. The limitations and barriers to implementing 3D printing currently are related to its cost, in particular the time to translate the images to a printing file. However, it is reasonable to expect its use to become rapidly more accessible given the competitive growth of this technology for both commercial and personal applications.
CONCLUSIONS
Although currently a somewhat tedious process, it is feasible to additively print models of PAs thus replicating these complex anatomic structures to facilitate anatomic study, surgical planning, device development, and patient education. With the advent of specialized software packages allowing automatic segmentation and triangulated surface extraction from CT/magnetic resonance imaging scans and specialized utilities for geometric surface preparation, this process could be accelerated.
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